Abstract A study of the interaction between some simple molecules (dihydrogen, acetylene, and ethylene) and Pd-Pb catalysts has been performed using the B3LYP hybrid density functional. The reaction paths for the H 2 molecule reacting with the PdPb dimer are reported for the singlet and triplet spin states. The C 2 H 2 and C 2 H 4 molecules were adsorbed in a few characteristic sites on the Pd(100) surface doped with Pb. This surface was modeled using Pd 13 Pb clusters. The results of the calculations indicate that the Pd-Pb catalysts interact with the H 2 , C 2 H 2 , and C 2 H 4 molecules more weakly than the corresponding monometallic Pd catalysts do, and thus the bimetallic catalysts exhibit the reduced activity toward these simple molecules.
Introduction
Palladium is widely used as a catalyst of selective hydrogenation reactions [1] [2] [3] . The selective hydrogenation of alkynes to mono-olefins, that is, the so-called semihydrogenation of alkynes, is a crucial step in many laboratory and industrial processes [2] . In particular, the semihydrogenation of acetylene to ethylene is required in the production of polyethylene [4, 5] . In the polymerization of C 2 H 4 , the complete elimination of C 2 H 2 from ethylene feedstocks via the semihydrogenation is to avoid deactivation of polymerization catalysts.
According to the classical interpretation, the high selectivity of Pd toward the semihydrogenation of alkynes is attributed to the stronger adsorption of alkynes on the Pd surface compared to that of alkenes formed in the semihydrogenation reaction [2] . Since the interaction between alkynes and the catalyst surface is thermodynamically preferred, the formed alkenes are displaced from the surface and their readsorption is blocked. As a consequence, alkynes are hydrogenated to alkenes and the parallel undesirable hydrogenation of alkenes to alkanes is suppressed. It should be noted that recently the interpretation of the high selectivity of Pd has been revisited by Teschner et al. [6, 7] who have related the selectivity to the formation of a Pd/C phase on the catalyst surface. Carbon in the Pd/C phase hinders the participation of bulk-dissolved and subsurface hydrogen in the hydrogenation of alkynes [6] [7] [8] [9] . This hydrogen is thought to be very reactive and unselective. Then alkynes are hydrogenated selectively to alkenes only by hydrogen present on the catalyst surface.
The selectivity of the Pd catalyst can be enhanced by introducing a second metal, that is, by alloying Pd with other metal, and in this manner a bimetallic catalyst is formed [10, 11] . The improvement in the catalytic selectivity has been reported for Pd mixed with various metals, e.g. with Ag [12] , Au [13] , Sn [14, 15] , and Pb [14, 16, 17] .
The interaction between C 2 H 2 or C 2 H 4 and the low Miller index surfaces of Pd has motivated many experimental [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and theoretical [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] investigations aiming to understand the kinetics and the mechanism of the semihydrogenation reaction. By contrast, the adsorption of C 2 H 2 or C 2 H 4 on single-crystal surfaces of various bimetallic Pd-Pb catalysts has attracted much less interest, although the Lindlar catalyst, Pd-Pb/CaCO 3 , has been known since the 1950s [40] . Furthermore, theoretical studies of the adsorption on such catalysts are very scarce. Ferullo et al. [41] have carried out semiempirical calculations for the adsorption of C 2 H 2 on Pd 3 Pb(111) and their calculations indicate a strong negative effect of Pb atoms on the strength of the C 2 H 2 adsorption on the alloy. Very recently, a periodic slab density functional theory (DFT) study has been reported by García-Mota et al. [42] and it has provided the description of the C 2 H 2 and C 2 H 4 adsorption on the PdPb(111) surface which was formed by the substitution of Pd atoms by Pb ones yielding the Pb amount of 0.25 ML. For both adsorbates, their adsorption energies on PdPb(111) are reduced by ca. 12-15 kcal/mol compared to the adsorption energies on Pd(111), that is, -41.05 and -18.91 kcal/mol for acetylene and ethylene, respectively [42] . A decrease of C 2 H 4 adsorption energy toward less exoenergetic values has also been predicted by DFT for Pd surfaces alloyed with other second metals: PdAg(111) [38, 43] , Pd/Au(111) [36] , and PdSn(111) [44] .
The present work is aimed at theoretical investigations of the interaction between some simple molecules (H 2 , C 2 H 2 , and C 2 H 4 ) and Pd-Pb catalysts. Reaction paths for the H 2 molecule on the PdPb bimetallic dimer were determined and they include such types of interaction as adsorption and dissociation of H 2 , as well as absorption of the formed H atoms inside the dimer. As for C 2 H 2 and C 2 H 4 , their adsorption on the Pd(100) surface doped with Pb was studied for various adsorption sites on this surface to detect the most favorable one. The choice of two different Pd-Pb catalysts, that is, the bimetallic dimer and the doped surface, was dictated by the differences in the computational cost and in the number of calculations required to determine the reaction paths versus the preferred adsorption sites. The shared aspect of the above-mentioned objectives is to establish an influence of the second metal (i.e., the Pb dopant) on the interaction between the simple molecules and the Pd-Pb catalysts. For this reason, a comparison of this interaction with that on monometallic Pd catalysts is also presented.
Method
Quantum chemical calculations were conducted using DFT as implemented in the Gaussian 03 suite of programs [45] . The chosen DFT method, namely the hybrid B3LYP density functional [46] , combines the exact HF exchange, the Slater local exchange functional [47] , and the Becke 1988 nonlocal gradient correction to the exchange functional [48] with the correlation provided by the Vosko-Wilk-Nusair local [49] and Lee-Yang-Parr nonlocal [50] functionals. The B3LYP functional was previously applied to the investigations of the interaction between catalysts containing Pd and the H 2 and C 2 H 4 molecules [32, 44, 51] . In addition, the results of some simple tests carried out for the selected systems studied in the present work proved the reliability of this functional (see Sect. S1 in the Supplemetary material). The Los Alamos relativistic effective core pseudopotentials (RECP) together with the corresponding valence basis sets in the completely uncontracted scheme (LANL08) [52, 53] were assigned to the Pd and Pb atoms. The H and C atoms were treated with the 6-311??G** basis set [54] .
Reaction paths for the H 2 molecule on the PdPb dimer were determined using a routine computational procedure. A large series of geometries of the bimetallic dimer interacting with the molecular or dissociated H 2 was optimized to find stationary points, that is, all possible minima and transition states. The identification of stationary point nature was carried out with the help of vibrational frequency analysis. A stationary point was considered to be a minimum when it possessed no imaginary vibrational frequencies, whereas that with one imaginary vibrational frequency corresponded to a transition state. The intrinsic reaction coordinate (IRC) approach [55] was done with the objective of determining which of the minima are connected by a given transition state.
The interaction of the C 2 H 2 and C 2 H 4 molecules with the (100) surfaces of palladium and palladium doped with lead was investigated using a cluster model approach. The surfaces were modeled by 14-atom clusters that comprised three layers having 9, 4, and 1 metal atoms, respectively. The size of the clusters was chosen mainly due to the cluster symmetry and low computational cost. Nevertheless, this size makes it possible to predict some properties of bulk Pd quite accurately (see Sect. S1 in the Supplementary material) and seems to be sufficient for qualitative investigations of adsorbates on surfaces; it is worth mentioning that even smaller cluster approaches of (100) surfaces proved to be useful [32, 56] . The bimetallic clusters were formed by replacing a single surface Fig. 1 ). In the case of the bimetallic clusters, the picture of adsorption is slightly more complicated, since the second metal atom may be placed in the surface or subsurface layer. For this reason, the author draws a distinction of each of the three adsorption sites between two variants depending on the location of the Pb atom. An adsorption site that either contains or is adjacent to the surface Pb atom is denoted by the suffix I, whereas a site that has in its immediate proximity the subsurface Pb atom is marked with the suffix II (see Fig. 2 for graphical presentations of all six adsorption sites). In the course of the optimizations of C 2 H 2 and C 2 H 4 in the adsorption sites, the Pd 14 and Pd 13 Pb clusters were assumed to keep a fixed crystal structure [32, 56] . This assumption is a crude approximation of surface phenomena but its use was necessary to force the metal clusters to mimic the symmetry of the (100) surface in the course of the adsorbate optimizations in the adsorption sites (with no constraints imposed on the geometry, the clusters evolved into isolated gas-phase structures and the adsorbate migrated round the clusters to the regions that did not represent the (100) surface). The energy levels of the 14-atom metal clusters served as the basis for the calculations of the density of states (DOS) [57] for the Pd(100) and PdPb(100) surfaces. The energy levels and the Mulliken overlap populations of the clusters with the adsorbates were employed to determine the crystal orbital overlap population (COOP) [58] . DOS and COOP spectra were plotted using Gaussian curves with the full width at half-minimum arbitrarily equal to 6.92 kcal/mol. The calculations of DOS and COOP were carried out in the GaussSum program [59] . 
Results and discussion

Reaction paths for H 2 on PdPb
Since the energies of minima and transition states along the reaction paths are referenced to the energy of the separated H 2 and PdPb, it is necessary to determine the electronic ground states of H 2 and PdPb. The ground state of the H 2 molecule is obviously a 1 R þ g state and for this state some fundamental molecular properties such as bond length, r e , dissociation energy, D 0 , and vibrational frequency, x e , calculated at the B3LYP/6-311??G** level of theory are shown in Table 1 . The value of D 0 includes a basis-set superposition error (BSSE) correction [63] and the zero-point vibrational energy (ZPVE). The calculated values of all three properties are very close to the experiment [60] . In the case of the PdPb dimer, its ground state is predicted to be a 1 R state. The molecular properties of this dimer are also listed in Table 1 . Similarly to H 2 , the D 0 value of PdPb incorporates a BSSE correction and the ZPVE. The values of PdPb properties obtained by means of B3LYP/LANL08 can be compared with the results of relativistic four-component DFT calculations [61]. There are no significant differences between the results of both theoretical approaches. To our knowledge, the D 0 value of 25.81 kcal/mol [62] is the only available PdPb property estimation which is based on experimental measurements. Both theoretical results are rather far away from this experimental estimation. On the other hand, the authors of [62] stated that their value is merely a preliminary result. The presented comparison of the results calculated in the present work with the experimental (for H 2 ) and advanced high-level theoretical (for PdPb) data suggests that the B3LYP functional combined with the 6-311??G** and LANL08 basis sets provides a reasonable description of H 2 and PdPb and is sufficient for qualitative investigations of these molecules interacting with each other. For the reaction of H 2 with PdPb, its paths were determined in two spin states, namely in singlet and triplet. The former turns out to be lower in energy than the latter whose all minima exhibit endoenergetic energies (with respect to the energy of the separated H 2 and PdPb in their ground states). For this reason, the triplet reaction path is not analyzed here and its graphical presentations can be found in the Supplementary material (see Figs. S1 and S2).
The geometries of the minima and transition states of H 2 interacting with PdPb along the singlet reaction path are shown in Fig. 3 . The energies, E, corresponding to the minima and to the transition states are plotted in Fig. 4 . The E values were corrected by the appropriate ZPVEs. Approaching the dimer by its Pd end, the H 2 molecule combines with the dimer with a very small exoenergetic effect of -0.59 kcal/mol. The H-H bond is elongated by 0.032 Å compared to the bond length in a free H 2 molecule (see Table 1 ), implying the molecular capture of H 2 . The applied computational method predicts that the system loses its symmetry (a T-shaped minimum by the Pd end was not detected) but it remains planar. In the transition state TS1, the H 2 molecule undergoes dissociation and one of the H atoms lies out of the plane containing the remaining three atoms (the dihedral angle of 65.1°). Having crossed the TS1, the system falls into the global minimum IM1, E = -9.93 kcal/mol. Next, the reaction can proceed through one of two possible transition states, TS2 or TS2 0 . The TS2 one is accompanied by far lower energetic barrier although the Pd-Pb bond lengthens considerably (to 2.625 Å ). In the minimum IM2, the system exhibits the E value only slightly less exoenergetic than that in the IM1. As opposed to the IM1, all the atoms lie in a plane. Overcoming the barrier TS3, E = 14.31 kcal/mol, leads the system to the structure obtained by approaching the H 2 molecule by the Pb end. The PdPb-H 2 minimum exhibits a symmetric and planar geometry. The H 2 molecule is dissociated and the H-H distance amounts to 2.669 Å . However, the E value is higher relative to the energy of the separated H 2 and PdPb. It is desirable to comment on the presented reaction path including its catalytic aspect. The molecular capture of H 2 occurs only by the Pd end of the dimer. When the H 2 molecule approaches the Pb end, the reaction path runs solely through endoenergetic E values and directly leads to the activated dissociation of H 2 in the PdPb-H 2 minimum. These results can be interpreted in two ways. First, the exoenergetic interaction in the H 2 -PdPb minimum suggests that the H 2 adsorption by the Pd end is energetically preferred. As a matter of fact, the energetic preference of the Pd end has also been observed for the interaction between the H 2 molecule and the PdCu, PdAg, and PdAu bimetallic dimers [51, 64] . It obviously results from the fact that Pd exhibits higher activity toward H 2 than the second metals in these dimers. Second, there is a mutual impact of the metals on their adsorption properties. The ability of the Pd end in the bimetallic dimer to adsorb H 2 is inferior to that of the monometallic Pd 2 dimer. Alikhani and Minot [65] calculated the energetic effect of the molecular adsorption of H 2 on Pd 2 in the T-shaped geometry and their value of -7.0 kcal/mol is much more exoenergetic than that of H 2 -PdPb (-0.59 kcal/mol). It suggests that Pb poisons the H 2 adsorption ability of Pd and, therefore, reduces the catalytic activity of the PdPb dimer. The negative effect produced by Pb seems to be even stronger than that of Cu, Ag, and Au [51, 64] . The existence of the barriers at the Pd and Pb ends, i.e., the TS1 and TS3, respectively, excludes spontaneous dissociation of H 2 , while the H 2 dissociation on Pd 2 can proceed without activation energy [65] . Furthermore, the Pb atom also has an influence on the bonding of the dissociated H atoms with the bimetallic dimer. The E values in the IM1 and IM2 minima are only about one-fourth of the energetic effect observed for two H atoms bound inside the Pd 2 dimer, -38.1 kcal/mol [65] . On the other hand, Pd may promote slightly the reactivity of Pb. Obviously, the E value in the PdPb-H 2 minimum is endoenergetic but it is less than 3 kcal/mol, implying a relatively easy activation. Interestingly, the TS3 barrier is lower than the TS1 one.
Adsorption of acetylene on Pd(100) and PdPb(100)
The adsorption of acetylene on the Pd(100) surface has been the subject of a few experimental studies [18, 25, 29] . Acetylene adsorbs nondissociatively at room temperature on Pd(100) and its molecular geometry is strongly distorted with C-atom hybridization shifting close to sp 3 [18] . The C 2 H 2 molecule is bound with the surface in a di-r configuration, i.e., each carbon atom is attached to a Pd atom. The energetics of the C 2 H 2 adsorption on Pd(100) has been investigated by Vattuone et al. [29] using single-crystal adsorption calorimetry. The initial heat of adsorption amounts to ca. -27 kcal/mol and it changes slowly in the range of C 2 H 2 coverage from 0 to 0.4 ML. At steady state, it becomes considerably less exoenergetic and the measured value is equal to ca. -10 kcal/mol. The authors of [29] have suggested that the value of the initial heat of adsorption corresponds to the di-r configuration of C 2 H 2 , while the steady-state one might be ascribed to a Fig. 4 Reaction path for H 2 on PdPb in the singlet spin state, with energies of the minima and of the transition states that correspond to the structures in Fig. 3 . The energy, E (in kcal/mol), is reported with respect to the energy of the separated H 2 and PdPb in their ground states p-bonded state (i.e., the center of C-C bond is located on top of a Pd atom). Experimental studies of the C 2 H 2 adsorption on PdPb(100) have not been reported. Table 2 summarizes the calculated energetic, structural, and electronic properties of the C 2 H 2 molecule adsorbed in the characteristic sites on the Pd(100) and PdPb(100) surfaces. The energetically preferred adsorption site on Pd(100) is the hollow one, E ads = -33.92 kcal/mol. The bridge site exhibits slightly less exoenergetic effect. In both these sites, each carbon atom of the C 2 H 2 molecule is bound with a Pd atom and, therefore, these sites correspond to di-r configurations. The geometry of the C 2 H 2 molecule undergoes a significant change in the adsorption process. As it is indicated by the d C-C and d C-C-H parameters, the C-C bond is elongated and the C-C-H angles are bent upward implying a rehybridization of the C atoms from sp to sp 2 . Even though the experiment predicts a stronger rehybridization (*sp 3 ) [18] , the main conclusion concerning the deformation of di-r-bonded C 2 H 2 remains valid. Furthermore, the calculated E ads values in the bridge and hollow sites are close to the experimental value of ca. -27 kcal/mol [29] . The adsorption in the atop site shows the least exenergetic effect with almost unperturbed geometry of the C 2 H 2 molecule. The E ads value in this site seems to be in line with the weakly p-bonded C 2 H 2 hypothesis formulated by Vattuone et al. [29] .
The electronic charge gathered in the C 2 H 2 molecule indicates a charge transfer between the adsorbate molecule and the surface. According to the Dewar-ChattDuncanson model of orbital interaction [66, 67] , the HOMO of the adsorbing C 2 H 2 molecule can hybridize with Pd orbitals resulting in an electronic donation from the adsorbate to the surface. This transfer is accompanied by a back-donation of electronic charge from the occupied Pd orbitals to the adsorbate LUMO. In the case of C 2 H 2 adsorbed in the bridge and hollow sites on Pd(100), the charge backdonation outweighs the donation, as it is illustrated by the negative values of both Mulliken population analysis [68] and natural population analysis [69] charges of the C 2 H 2 molecule. For the atop site, a very small charge transfer is expected and, therefore, the Q NPA value seems to be more realistic.
It is convenient to start presenting the C 2 H 2 adsorption on the PdPb(100) surface with both variants of the bridge and hollow sites, since the atop sites behave differently. For each location of the second metal atom, the hollow site is energetically more favorable than the bridge one. In general, the hollow-II variant turns out to be the most favorable site on the investigated bimetallic surface. The bridge-II and hollow-II sites, that is, those with the Pb atom in the subsurface layer, are preferred to the bridge-I and hollow-I ones, that is, those with the Pb atom in the surface layer. It leads to a general observation that the closer the Pb atom is located to the adsorption site, the less exoenergetic the C 2 H 2 adsorption becomes. The change of E ads toward less exoenergetic values is accompanied by the increase of the height, d, of the adsorbed molecule from the surface. For the bridge and hollow sites in both variants, the back-donation of electronic charge from the surface predominates resulting in the negative values of Q MPA and Q NPA .
When compared with the Pd(100) surface, the bimetallic one exhibits less exoenergetic E ads values and, therefore, the reduced activity toward the C 2 H 2 adsorption. As a result, the Pb atom present in the adsorption sites or in their nearest Table 2 Energetic, structural, and electronic properties of the acetylene molecule adsorbed in the characteristic sites on the Pd(100) and PdPb(100) surfaces The elongation of the C-C bond, R, with respect to the C-C bond length in the gas phase (see Table S1 in the Supplementary material) d
The change of the C-C-H angle, \, with respect to the gas-phase value (see Table S1 ) neighborhood poisons their ability to adsorb acetylene. The poisoning effect of Pb can be expressed energetically by E ads and structurally by d, d C-C , and d C-C-H . At the structural level, the effect of Pb means that the C 2 H 2 molecule is adsorbed higher from the PdPb(100) surface than from the Pd(100) one and the distortion of the adsorbate from its gas-phase geometry is often smaller on PdPb(100). The reduced activity of PdPb(100) toward the C 2 H 2 adsorption originates from the poisoning effect of Pb and thus the monometallic surfaces of Pb should be inactive in the acetylene adsorption process. The absence of the adsorbed acetylene has indeed been reported for the Pb(111) surface [70] . On this basis, it can be deduced that some decrease of the C 2 H 2 adsorption ability is expected for all singlecrystal Pd-Pb surfaces.
The influence of dopant on surface adsorption properties is often described in terms of ensemble effects and ligand effects [71, 72] . Ensemble effects are associated with the nature of an ensemble of metal atoms with which an adsorbate binds. In other words, they describe changes in surface adsorption properties when the composition of adsorption sites varies. Ligand effects reflect the influence of the surroundings of adsorption sites on surface adsorption properties. These effects are related to the electronic structure of adsorption sites and can be expressed by changes in the d-band centers of surface metal atoms [72, 73] .
Out of the investigated variants of the bridge and hollow sites on PdPb(100), the I variant demonstrates the ensemble effect, since in such adsorption sites the Pb atom is one of the atoms with which the C 2 H 2 molecule is combined. In the case of the bridge-II and hollow-II sites acetylene is bonded with two Pd atoms and the dopant atom is present in the surroundings of these two Pd atoms. Hence, the bridge-II and hollow-II sites exemplify the ligand effect. As it was mentioned above, the ligand effect is manifested as a shift of the d-band center. The parts of DOS that correspond to the d-bands for Pd(100) and PdPb(100) are shown in Fig. 5 . The Pd(100) surface exhibits the d-band center for E = -37.59 kcal/mol with respect to the Fermi level energy. Bearing this value in mind, the d-band centers of PdPb(100) with the surface Pb atom and with the subsurface Pb atom are shifted down by 3.46 and 2.77 kcal/ mol, respectively. Because of the presence of only one Pb atom in the Pd 13 Pb clusters, the changes in the d-band center for PdPb(100) are very small but they seem to correlate with the adsorption energy of C 2 H 2 on PdPb(100). The d-states decrease in energy brings about a weaker interaction between the adsorbate and the surface [72, 73] . The adsorption of the C 2 H 2 molecule in the atop-I and atop-II sites deserves a separate discussion. The calculations of the C 2 H 2 adsorption in the atop-I and atop-II sites, as well as in the atop one, yield rather large distances from the surfaces, d [ 2.1 Å , and weak interactions with the surfaces, E ads [ -7 kcal/mol. The atop-II site exhibits practically the same E ads value as the atop site on Pd(100). Surprisingly, the effect of adsorption in the atop-I site is more exoenergetic than that in the atop site. This is in direct contradiction to the poisoning effect of Pb and thus the E ads value of -6.14 kcal/mol should be treated with caution. It might result from the assumed fixed crystal structure of the metal clusters and the definitive investigation of the C 2 H 2 adsorption in the atop, atop-I, and atop-II sites seems to require the incorporation of the surface relaxation into the calculations.
Adsorption of ethylene on Pd(100) and PdPb (100) Experimental studies performed by Stuve et al. [21, 22] have demonstrated that the C 2 H 4 molecule binds with the Pd(100) surface in both di-r and p configurations at low temperatures. These configurations of C 2 H 4 on Pd(100) coexist at 80 K and in this case the pr parameter, formulated by Stuve et al. [21, 22] to characterize the bond between ethylene and metallic surfaces, lies midway between p and r systems. At room temperature, ethylene adsorbs reversibly on Pd(100) [29] . The initial heat of C 2 H 4 adsorption on this surface is estimated to be ca. -18 kcal/mol [29] .
The energetic, structural, and electronic properties of the C 2 H 4 molecule adsorbed in the characteristic sites on the Pd(100) and PdPb(100) surfaces are listed in Table 3 . The adsorption energy of the C 2 H 4 molecule on Pd(100) is the most exoenergetic in the bridge site, E ads = -13.93 kcal/mol. Interestingly, the E ads values for the atop and hollow sites differ only by 1.80 kcal/mol. From the energetic point of view, it would suggest the equivalence of these sites in the C 2 H 4 adsorption process, which, in turn, would be in line with the experimental observation concerning the coexistence of the di-r and p configurations of C 2 H 4 [21, 22] . On the other hand, the C 2 H 4 molecule in the hollow site lies much closer (by 0.513 Å ) to the surface than it does in the atop site. Furthermore, the geometry of ethylene in the hollow site changes markedly, while it is practically unperturbed in the atop site. In the bridge and hollow sites, the C-C bond is elongated (see d C-C in Table 3 ) and the C atoms undergo a rehybridization from sp 2 to nearly sp 3 (see d CÀCÀH 2 in Table 3 ). The donation of electronic charge from the adsorbate molecule to the surface predominates in the atop and bridge sites, although the Q NPA charges are very small. By contrast, the back-donation transfer dominates in the hollow site. Table 3 Energetic, structural, and electronic properties of the ethylene molecule adsorbed in the characteristic sites on the Pd(100) and PdPb(100) surfaces
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The calculated E ads value in the bridge site on Pd(100) is relatively close to the experimental estimation [29] . The energetic preference of this adsorption site has also been predicted by other theoretical studies [32, 33] . However, the values of -19.4 [32] and -21.5 kcal/mol [33] are more exoenergetic than the result obtained in this work. The structural properties of C 2 H 4 in the bridge site from Table 3 are comparable with those from [32, 33] . It should be stressed that there are some discrepancies for ethylene in the atop site. In general, the calculation performed in this work yields a weak interaction, E ads = -5.91 kcal/mol, with the large distance between the p-bonded C 2 H 4 and the surface, d = 2.338 Å . The result of Bernardo and Gomes [32] confirms this weak interaction, E ads = -7.7 kcal/mol, but their d value is decreased by 0.3 Å . The smaller d value agrees with that predicted by Ge and Neurock [33] , but these authors, in turn, have reported the E ads value equal to -18.8 kcal/mol.
The C 2 H 4 adsorption on the PdPb(100) surface remains energetically favorable for all sites, although the exoenergetic effects are very small for the bridge-I and hollow-I sites. Among the considered sites containing or neighboring with the Pb atom, the bridge-II one is designated as the most favorable site for the C 2 H 4 adsorption. The E ads values of -0.69 and -1.05 kcal/mol in the bridge-I and hollow-I sites, respectively, are very close to zero and, within the framework of the computational approach applied in this work, they seem to be beyond the accuracy limit in order to be able to detect unambiguously any attractive interaction between the adsorbate and the surface. Thus, the lack of the attractive interaction in these sites can be assumed at the qualitative level. Such an assumption is supported by the structural properties: the d C-C , d C-C-H , and d CÀCÀH 2 parameters indicate practically the gas-phase geometry of C 2 H 4 and the heights from the surface are greater than 2.4 Å . By contrast, the binding of C 2 H 4 in the bridge-II and hollow-II sites is undisputed. The C-C bond length increases and the C atoms exhibit a rehybridization from sp 2 to nearly sp 3 . The rehybridization gives rise to the elevation of the H atoms above the molecule plane (see d CÀCÀH 2 in Table 3 ). The C 2 H 4 adsorption in the atop-II site is energetically slightly more favorable than that in the hollow-II site. For the former the distance between the Pb atom and the adsorbate is larger, which makes the negative effect of Pb weaker. The donation of electronic charge from C 2 H 4 to the surface predominates when the Pb atom is located in the subsurface layer.
Both variants of the bridge and hollow sites on the PdPb(100) surface exhibit less exoenergetic E ads values than the bridge and hollow sites on Pd(100). These less exoenergetic values of E ads can be explained in terms of the ensemble effect (for the bridge-I and hollow-I sites) and the ligand effect (for the bridge-II and hollow-II sites). The ligand effect on the C 2 H 4 adsorption is associated with the shifts of the d-band center for the doped surfaces (see Fig. 5 ). In the case of three adsorption sites with the subsurface Pb atom, the changes in E ads are rather small, less than 3.2 kcal/mol compared to the E ads values on Pd(100). The structural properties of the C 2 H 4 molecule adsorbed in the atop-II and bridge-II sites are very similar to those of ethylene in the atop and bridge sites on Pd(100). The effect of the subsurface Pb atom is more pronounced for the hollow-II site that binds the C 2 H 4 molecule at larger distance from the surface and with smaller distortion of its geometry than the hollow site on Pd(100) does. The presence of the surface Pb atom in the bridge-I and hollow-I sites brings about larger decreases of the adsorption exoenergeticity than those observed for the sites with the subsurface Pb atom. It is particularly evident for the bridge-I site which is Fig. 6 Top panel: COOP plots for C 2 H 2 adsorbed in the bridge site on Pd(100) (solid line) and in the bridge-II site on PdPb(100) (dotted line). Bottom panel: COOP plots for C 2 H 4 adsorbed in the bridge site on Pd(100) (solid line) and in the bridge-II site on PdPb(100) (dotted line). The energy, E (kcal/mol), is relative to the Fermi level energy. The values of COOP are given in arbitrary units deactivated by the surface Pb atom. The atop-I site demonstrates an exceptional behavior resulting in the smaller d value, together with a slight strengthening of the interaction. The same was observed for the C 2 H 2 adsorption and it was discussed in the previous subsection.
For a given variant of the bridge or hollow site, Pb decreases exoenergetic effect more strongly for the C 2 H 2 adsorption than for the C 2 H 4 adsorption. The same has been detected for the PdPb(111) surface by García-Mota et al. [42] who have reported the decreases of 15.45 and 11.99 kcal/mol for acetylene and ethylene, respectively. On the basis of the results obtained by Sheth et al. [38] for PdAg (111), it can be expected that the adsorption energies for acetylene are also more sensitive to changes in the alloy composition (i.e., the increasing amount of Pb) than those for ethylene. The more significant decrease of the exoenergetic effect of the C 2 H 2 adsorption obviously does not mean that the C 2 H 4 becomes the most favorable. On the contrary, the adsorption of C 2 H 4 on PdPb(100) exhibits less exoenergetic effect than that of the C 2 H 2 adsorption for a given variant of the bridge or hollow site. The poisoning effect of Pb is sufficient to reduce, or even deactivate, the ability of the surface to adsorb ethylene, while acetylene can still be bound relatively strongly. Thus, from the thermodynamic point of view [2] , the better selectivity can be achieved for PdPb(100) compared to Pd(100).
The more pronounced effect of the Pb dopant on the C 2 H 2 adsorption in comparison to the C 2 H 4 adsorption can also be characterized by means of the COOP between the adsorbate and the surface. The plots of COOP for C 2 H 2 and C 2 H 4 adsorbed in the bridge and bridge-II sites are shown in Fig. 6 . For each adsorbate the shape of the COOP in the bridge-II site on PdPb(100) does not differ significantly from that in the bridge site on Pd(100). However, the antibonding combinations (that is, those beneath the energy axis in Fig. 6 ) of the adsorbate orbitals with the surface orbitals are slightly shifted below the Fermi level energy when the dopant is present. This shift seems to be more evident for the C 2 H 2 adsorption and, therefore, it suggests the greater change in E ads .
Conclusions
In this work, the interaction between some simple molecules (such as H 2 , C 2 H 2 , and C 2 H 4 ) and Pd-Pb catalysts was investigated using the B3LYP hybrid density functional. The reaction paths for the H 2 molecule reacting with the PdPb dimer are reported for the singlet and triplet spin states. As for the C 2 H 2 and C 2 H 4 molecules, their adsorption in a few characteristic sites on the Pd(100) surface doped with Pb was studied in order to determine some energetic, structural, and electronic properties of these adsorbates.
From the presented results of the calculations, the following conclusions can be drawn:
1. Only the Pd end of the bimetallic dimer captures the H 2 molecule in its molecular form with a small exoenergetic effect. The dissociation of H 2 on PdPb requires activation.
2. On the Pd(100) surface doped with Pb, among the considered adsorption sites containing or neighboring with a single Pb atom, the hollow site with the subsurface Pb atom (i.e., the hollow-II variant) turns out to be energetically preferred for the C 2 H 2 adsorption, whereas the bridge site with the subsurface Pb atom in its immediate proximity (i.e., the bridge-II variant) is the most favorable for the C 2 H 4 adsorption. 3. The presence of Pb in the PdPb dimer and in the PdPb(100) surface reduces the activity of such catalysts toward the adsorption and dissociation of H 2 and toward the adsorption of C 2 H 2 and C 2 H 4 . From the thermodynamic point of view, it assists in improving the selectivity of the Pd-Pb catalysts.
